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Left-handed metamaterials with negative permittivity and negative permeability have prompted a lot of potential applications in optics and materials science. [1] [2] [3] By modifying the permittivity and permeability of metamaterials, Smith and his co-workers accomplished a practical cloak in microwave band that led to an acceleration in research in this field. 4, 5 However, the cloaks presented up to now are only applicable to single frequencies; because of the anisotropy of most metamaterials, the cloaks are only applicable to the electromagnetic wave with special direction of incidence and polarization. [4] [5] [6] All these disadvantages result in the difficulty of implementing the cloak in reality.
The dendritic metamaterials have a fairly high level of symmetry, which completely counteract the electromagnetic coupling effect, achieving two-dimensional ͑2D͒ or even three-dimensional isotropy. [7] [8] [9] [10] [11] [12] Our previous studies also show that, by introducing defects into the uniform metamaterials, double bands of negative refraction could be obtained. [13] [14] [15] In this paper, the authors present dendritic metamaterials with different sizes of dendritic cells, from which multibands of negative refraction have been found. The electromagnetic behaviors of the dendritic metamaterials, for parallel and normal incidence to the surface of the samples, are discussed. Using numerical simulations ͑CST Microwave Studio͒ and microwave experiments, it is found that multibands of negative refractive indexes can be gained with dendritic metamaterials composed of different sizes of dendritic cells. Furthermore, the dendritic metamaterials exhibit an excellent 2D isotropy.
The previous study of our group shows that a periodic array of metal dendritic cells can achieve negative refraction in the given frequency band when a plane electromagnetic wave propagates to the surface of the sample in parallel. 11 Based on their work, the authors design three periodic homogeneous samples in different sizes of dendritic cells, and mark them as samples ʈ 1, 2, and 3. The metal dendritic cells are fabricated on a 0.8 mm thick epoxy glass ͑ = 4.6͒ with a shadow mask/etching technique. The thickness of the metal is 0.02 mm, and the geometric parameters are w = 0.3 mm, = 45°͓Fig. 1͑a͔͒. The lattice constant of the samples is equal to 9.0 mm in both the E direction and the k direction, and the homogeneous dendritic sample is composed of nine units in both the E direction and the k direction. The lengths of the offshoots of the three dendritic cells from lower to higher levels-represented by a, b, and c-are listed in Table I .
To fabricate the three different dendritic cells aforementioned on one printed circuit board, the authors design two multiple samples. Here we define "A" "B" "C" as one row of dendritic cells from samples ʈ 1, 2, and 3, respectively. Then, multisample ʈ 1 can be described as "ABCABCABC" ͓Fig. 1͑b͔͒, and multisample ʈ 2 can be described as "AAABBBCCC." Other parameters are the same as in the homogeneous dendritic samples mentioned above.
For normal incidence, in analogy to the fishnet structure, the authors fabricate metal dendritic cells on both sides of the printed circuit board, which contributes to magnetic resonance. 16, 17 At the same time, the dendritic cell pairs can a͒ Author to whom correspondence should be addressed. show cutwire's behavior in the E direction, and bring negative permittivity in a certain frequency band. 11 However, our simulations have shown that it is difficult to realize negative permittivity and negative permeability overlapping in the same band by parameter adjusting; that is to say, it is difficult to obtain a negative index with only single size of dendritic cell pairs. So, two different sizes of dendritic cell pairs are designed here ͓Fig. 1͑c͔͒ in order to achieve the negative permittivity and negative permeability, respectively, and overlap in a given frequency band. In this way, the lefthanded band can be obtained.
The authors design three samples of metal dendritic cell pairs with different sizes and mark them as samples Ќ 1, 2, and 3. The lengths of the offshoots of the samples are listed in Table I .
The small cells are inserted into the center spaces between each of the four big cells and the whole sample can be considered as a square lattice. The lattice constants of the samples are all equal to 12.0 mm in both E direction and H direction. Other parameters are the same as in sample ʈ 1 mentioned above.
To fabricate the three different sizes of dendritic cell pairs aforementioned on one printed circuit board, the authors design a multisample Ќ . Here, we define "A" "B" "C" as one row of big cell pairs and "a" "b" "c" as one row of small cell pairs from samples Ќ 1, 2, and 3, respectively. Then, the multisample Ќ can be described as "AaAaAaBbBbBcCcCcC." Other parameters are the same as in sample Ќ 1.
When the electromagnetic wave propagates to the surface in parallel, numerical simulations and microwave experiments are used in this paper to examine the electromagnetic characteristics of samples ʈ 1, 2, and 3. The simulation results are shown in Fig. 2͑a͒ , from which three transmission peaks are found, and the frequencies of the three peak values are 9.60 GHz in sample ʈ 1, 10.10 GHz in sample ʈ 2, and 10.89 GHz in sample ʈ 3. The experimental results are shown in Fig. 2͑b͒ , from which three transmission peaks are also measured. The frequencies of the three peak values are 9.44 GHz in sample ʈ 1, 10.06 GHz in sample ʈ 2, and 10.76 GHz in sample ʈ 3. The results of simulations and experiments match very well. We indicate that the slight discrepancy mainly arises from the error of the etching technique.
Using the transmission parameters and reflection parameters from simulations, the electromagnetic parameters can be obtained using the retrieval method. 18, 19 The extracted electromagnetic parameters are shown in Fig. 3 . The plots show that, in sample ʈ 1, the permittivity, permeability and refractive index are all negative over a narrow band around 9.60 GHz, which means a left-handed band occurred around 9.60 GHz. Similarly, we can find the left-handed bands around 10.10 and 10.89 GHz in samples ʈ 2 and 3, respectively.
The experimental results of multisamples ʈ 1 and 2 are shown in Fig. 2͑c͒ . There are three peaks which appear around the frequencies of 9.50, 10.24, and 10.78 GHz in both samples. These three peaks correspond to the lefthanded peaks of samples ʈ 1, 2, and 3 in frequencies. It means that, by mixing different sizes of dendritic cells together, the metamaterial with left-handed behaviors in multibands can be achieved. When the electromagnetic wave propagates normally to the surface, numerical simulations and microwave experiments are also used to examine the electromagnetic characteristics of samples Ќ 1, 2, and 3. The simulated results are shown in Fig. 2͑d͒ , from which three transmission peaks are found. The frequencies of the three peak values are 9.40 GHz in sample Ќ 1, 10.12 GHz in sample Ќ 2, and 10.96 GHz in sample Ќ 3. The experimental results are shown in Fig. 2͑e͒ , from which three transmission peaks are also found, where the frequencies of the three peak values are 9.44 GHz in sample Ќ 1, 10.02 GHz in sample Ќ 2, and 10.76 GHz in sample Ќ 3. Then, using the transmission and reflection parameters from simulations, the electromagnetic parameters are obtained with the retrieval method ͑Fig. 3͒. The plots show that, in sample Ќ 1, the permittivity, permeability and refractive index are all negative over a narrow band around 9.40 GHz, indicating that a left-handed band occurred around 9.40 GHz. Similarly, we can find the lefthanded bands around 10.12 and 10.96 GHz in samples Ќ 2 and 3, respectively.
The experimental result of multisample Ќ is shown in Fig. 2͑f͒ . There are three peaks which appear around the frequencies of 9.24, 9.98, and 10.78 GHz. These three peaks are corresponding to the left-handed peaks of samples Ќ 1, 2, and 3 in frequencies. It means that, by mixing different sizes of dendritic cell pairs together, we can achieve the metamaterial with left-handed behavior in multibands.
In summary, the authors present a dendritic metamaterial composed of different sizes of cells which can achieve multibands of negative refractive indexes at microwave band. The electromagnetic behaviors of the dendritic metamaterials have been studied with numerical simulations and microwave experiments. On condition that the electromagnetic wave propagates parallel to the surface, the multiple samples achieve negative refraction at the frequencies of 9.50, 10.24, and 10.78 GHz simultaneously. On condition that the electromagnetic wave propagates normally to the surface, the multiple sample achieve negative refraction at the frequencies of 9.24, 9.98, and 10.78 GHz simultaneously. We indicate that the multiple sizes of dendritic cells are the origin of the multibands of negative refraction. The dendritic metamaterials in this paper open a way to prepare the cloak suitable for multifrequencies, and the cloak of infrared or visible frequency, especially with a chemical method.
